Abstract-In this paper, we study the optimal design for simultaneous wireless information and power transfer (SWIPT) in downlink multiuser orthogonal frequency division multiplexing (OFDM) systems, where the users harvest energy and decode information using the same signals received from a fixed access point (AP). For information transmission, we consider two types of multiple access schemes, namely, time division multiple access (TDMA) and orthogonal frequency division multiple access (OFDMA). At the receiver side, due to the practical limitation that circuits for harvesting energy from radio signals are not yet able to decode the carried information directly, each user applies either time switching (TS) or power splitting (PS) to coordinate the energy harvesting (EH) and information decoding (ID) processes. For the TDMA-based information transmission, we employ TS at the receivers; for the OFDMA-based information transmission, we employ PS at the receivers. Under the above two scenarios, we address the problem of maximizing the weighted sum-rate over all users by varying the time/frequency power allocation and either TS or PS ratio, subject to a minimum harvested energy constraint on each user as well as a peak and/or total transmission power constraint. For the TS scheme, by an appropriate variable transformation the problem is reformulated as a convex problem, for which the optimal power allocation and TS ratio are obtained by the Lagrange duality method. For the PS scheme, we propose an iterative algorithm to optimize the power allocation, subcarrier allocation and the PS ratio for each user. Numerical results show that the peak power constraint imposed on each OFDM subcarrier as well as the number of users in the system play a key role in the rate-energy performance comparison by the two proposed schemes.
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I. INTRODUCTION
Recently, simultaneous wireless information and power transfer (SWIPT) becomes appealing by essentially providing a perpetual energy source for the wireless networks [1] . Moreover, the SWIPT system offers great convenience to mobile users, since it realizes both useful utilizations of radio signals to transfer energy as well as information. Therefore, SWIPT has drawn an upsurge of research interests [1] - [5] . Orthogonal frequency division multiplexing (OFDM) is a well established technology for high-rate wireless communications, and has been adopted in various standards, e.g., IEEE 802.11n and 3GPP-Long Term Evolution (LTE). However, the performance may be limited by the availability of energy in the devices for some practical application scenarios. It thus motivates our investigation of SWIPT in OFDM-based systems.
SWIPT over a single-user OFDM channel has been studied in [2] , assuming that the receiver is able to decode information and harvest energy simultaneously from the same received signal. However, this assumption may not hold in practice, as circuits for harvesting energy from radio signals are not yet able to decode the carried information directly. Due to this potential limitation, the result in [2] actually provides only an upper bound for the rate-power tradeoff in a single-user OFDM system. Two practical schemes for SWIPT, namely, time switching (TS) and power splitting (PS), are proposed in [1] , [3] . With TS applied at the receiver, the received signal is either processed by an energy receiver for energy harvesting (EH) or processed by an information receiver for information decoding (ID). With PS applied at the receiver, the received signal is split into two signal streams with a fixed power ratio by a power splitter, with one stream to the energy receiver and the other one to the information receiver.
As an extension of our previous work in [3] for a single-user narrowband SWIPT system, in this paper, we study a multiuser OFDM-based SWIPT system (see Fig. 1 ), where a fixed access point (AP) with constant power supply broadcasts signals to a set of distributed users. Unlike the conventional wireless network where all the users contain only information receiver and draw energy from their own power supplies, in our model, it is assumed that each user contains an additional energy receiver to harvest energy from the received signals from the AP. For the information transmission, two conventional multiple access schemes are considered, namely, time division multiple access (TDMA) and orthogonal frequency division multiple access (OFDMA). For the TDMA-based information transmission, since the users are scheduled in nonoverlapping time slots to decode information, each user should apply TS such that the information receiver is used during the time slot when information is scheduled for that user, while the energy receiver is used in all other time slots. For the OFDMA-based information transmission, we assume that PS is applied at each receiver. In practical circuits, (analog) power splitting is performed before (digital) OFDM demodulation. Thus, for an OFDM-based SWIPT system, all subcarriers would have to be power split with the same power ratio at each receiver even though only a subset of the subcarriers contain information for the receiver. In contrast, for the case of a single-carrier system, a receiver simply harvests energy from all signals that do not contain information for this receiver.
Under the TDMA scenario, we address the problem of maximizing the weighted sum-rate over all users by varying the power allocation in time and frequency and the TS ratios, subject to a minimum harvested energy constraint on each user and a peak and/or total transmission power constraint. By an appropriate variable transformation the problem is reformulated as a convex problem, for which the optimal power allocation and TS ratios are obtained by the Lagrange duality method. For the OFDMA scenario, we address the same problem by varying the power allocation in frequency, the subcarrier allocation to users and the PS ratios. In this case, we propose an efficient algorithm to iteratively optimize the power and subcarrier allocation, and the PS ratios at receivers until the convergence is reached. Furthermore, the rate-energy performances by the two proposed schemes are compared numerically. It is revealed that the peak power constraint imposed on each OFDM subcarrier as well as the number of users in the system play a key role in the rate-energy performance comparison by the two proposed schemes.
II. SYSTEM MODEL AND PROBLEM FORMULATION As shown in Fig. 1 , we consider a downlink OFDM-based system with one transmitter and K users. The transmitter and all users are each equipped with one antenna. The total bandwidth of the system is equally divided into N subcarriers (SCs). The SC set is denoted by N = {1, . . . , N}. The power allocated to SC n is denoted by p n , n = 1, . . . , N. Assume that the total transmission power is at most P . The maximum power allocated to each SC is denoted by P peak , i.e., 0 ≤ p n ≤ P peak , ∀n ∈ N , where P peak ≥ P/N . The channel power gain of SC n as seen by the user k is denoted by h k,n , k = 1, . . . , K, n = 1, . . . , N. We consider a slowfading environment, where all the channels are assumed to be constant within the transmission scheduling period of our interest. For simplicity, we assume the total transmission time to be one. Moreover, it is assumed that the channel gains on all the SCs for all the users are known at the transmitter. At the receiver side, each user performs EH in addition to ID. It is assumed that the minimum harvested energy during the unit transmission time is
A. TDMA with Time Switching
We first consider the case of TDMA-based information transmission with TS applied at each receiver. It is worth noting that for a single-user SWIPT system with TS applied at the receiver, the transmission time needs to be divided into two time slots to coordinate the EH and ID processes at the receiver. Thus, in the SWIPT system with K users, we consider K + 1 time slots without loss of generality, where the additional time slot, which we called the power slot, may be allocated for all users to perform EH only. In contrast, in conventional TDMA systems without EH, the power slot is not required. We assume that slot k, k = 1, . . . , K is assigned to user k for transmitting information, while slot K + 1 is the power slot. With total time duration of K + 1 slots to be at most one, the (normalized) time duration for slot k, k = 1, . . . , K + 1 is variable and denoted by the TS ratio α k , with 0 ≤ α k ≤ 1 and
the power p n allocated to SC n at slot k is specified as p k,n , where
The average transmit power constraint is thus given by
Consider user k, k = 1, . . . , K. At the receiver side, user k decodes its intended information at slot k when its information is sent and harvests energy during all the other slots i = k. The receiver noise at each user is assumed to be independent over SCs and is modelled as a circularly symmetric complex Gaussian (CSCG) random variable with zero mean and variance σ 2 at all SCs. Moreover, the gap for the achievable rate from the channel capacity due to a practical modulation and coding scheme (MCS) is denoted by Γ ≥ 1. The achievable rate in bps/Hz for the information receiver of user k is thus given by
Assuming that the conversion efficiency of the energy harvesting process at each receiver is denoted by 0 < ζ < 1, the harvested energy in joule at the energy receiver of user k is thus given by
Our objective is to maximize the weighted sum-rate of all users by varying the transmission power in time and frequency jointly with TS ratios, subject to EH constraints and the transmission power constraints. Thus, the following optimization problem is formulated.
where w k ≥ 0 denotes the non-negative rate weight assigned to user k. It is easy to verify that Problem (P-TS) is non-convex in its current form. We will solve this problem in Section III-A.
B. OFDMA with Power Splitting
Next, we consider the case of OFDMA-based information transmission with PS applied at each receiver. As is standard Globecom 2013 -Wireless Communications Symposium in OFDMA transmissions, each SC is allocated to at most one user in each slot, i.e., no SC sharing is allowed. We define a SC allocation function Π(n) ∈ {1, . . . , K}, i.e., the SC n is allocated to user Π(n). The total transmission power constraint is given by
At the receiver, the received signal at user k is processed by a power splitter, where a ratio ρ k of power is split to its energy receiver and the remaining ratio 1−ρ k is split to its information receiver, with 0 ≤ ρ k ≤ 1, ∀k. The achievable rate in bps/Hz at SC n assigned to user Π(n) is thus
(5) With energy conversion efficiency ζ, the harvested energy in joule at the energy receiver of user k is thus given by
With the objective of maximizing the weighted sum-rate of all users by varying the transmission power in frequency, the SC allocation, jointly with PS ratios at receivers, subject to a given set of EH constraints and the transmission power constraints, the following optimization problem is formulated.
It can be verified that Problem (P-PS) is non-convex in its current form. We will solve this problem in Section III-B.
C. Performance Upper Bound
An upper bound for the optimization problems (P-TS) and (P-PS) can be obtained by assuming that each receiver is able to decode the information in its received signal and at the same time harvest the received energy without any loss [2] . We thus consider the following optimization problem.
max.
The solution for Problem (P-UB) is obtained in Section III-B (see Remark 3.1).
III. OPTIMAL SOLUTION A. Time Switching
We first reformulate Problem (P-TS) by introducing a set of new non-negative variables:
is thus equivalent to the following problem:
After finding the optimal {q * k,n } and {α * k } for Problem (7), the optimal power allocation p * k,n for Problem (P-TS) is given by p *
. . , K + 1 and P peak < ∞, the allocated power will be p * k,n = 0, n = 1 . . . , N, since no information/power transmission is scheduled for at slot k. For the extreme case of
Note that the new objective function of Problem (7) can be shown to be jointly concave in {α k } and {q k,n }. Since the constraints are now all affine, Problem (7) is convex, and thus can be optimally solved by applying the Lagrange duality method, as will be shown next.
The Lagrangian of Problem (7) is given by
where λ i , i = 1, . . . , K, μ, and ν are the non-negative dual variables associated with the corresponding constraints in (7). The dual function g ({λ i }, μ, ν) is then defined as the optimal value of the following problem.
1 We define α k log 2 1 + h k,n q k,n Γσ 2 α k = 0 at α k = 0 to keep continuity at α k = 0. More importantly, it can be verified that this definition allows (7) to maintain problem equivalence with (P-TS). min {λi},μ,ν g ({λ i }, μ, ν) .
The dual problem is thus defined as
First, we consider the maximization problem in (9) for obtaining g ({λ i }, μ, ν) with a given set of {λ i }, μ, and ν. We define L k , k = 1, . . . , K + 1, as shown in (10) at the top of next page. Then for the Lagrangian in (8), we have
Thus, for each given k, the maximization problem in (9) can be decomposed as max.
We first study the solution for Problem (12) with given k = 1, . . . , K. From (10), for we have
where (x) + max(0, x). For given {q k,n }, it appears that there is no closed-form expression for the optimal α k that maximizes L k . However, since L k is a concave function of α k with given {q k,n }, α k can be found numerically by a simple bisection search over 0 ≤ α k ≤ 1. To summarize, for given k = 1, . . . , K, Problem (12) can be solved by iteratively optimizing between {q k,n } and α k with one of them fixed at one time, which is known to as block-coordinate descent method [6] .
Next, we study the solution for Problem (12) for k = K + 1, i.e., for the power slot, which is a LP. Define the
and
After obtaining g ({λ i }, μ, ν) with given {λ i }, μ, and ν, the minimization of g ({λ i }, μ, ν) over {λ i }, μ, and ν can be efficiently solved by the ellipsoid method [7] , for which the details are omitted for brevity.
Note that the optimal q * k, n , k = 1 . . . , K, n = 1, . . . , N and α * k , k = 1, . . . , K are obtained at optimal {λ * i }, μ * , and ν * . Given {q k,n }, the objective function in Problem (7) is an increasing function of α k , k = 1, . . . , K. Thus, the optimal
otherwise, the objective can be improved by increasing some of the α k 's, k = 1, . . . , K. Then, the optimal α K+1 is given by , k = 1, . . . , K, n = 1, . . . , N, Problem (7) becomes a LP with variables {q K+1,n }. The optimal values of {q K+1,n } are obtained by solving this LP.
B. Power Splitting
Since Problem (P-PS) is non-convex, the optimal solution may be computationally difficult to obtain. Instead, we propose a suboptimal algorithm to this problem by iteratively optimizing {p n } and {Π(n)} with fixed {ρ k }, and optimizing {ρ k } with fixed {p n }.
Note that (P-PS) with given {p n } and Π(n) is a convex problem, of which the objective function is a nonincreasing function of ρ k , ∀k. Thus, the optimal power splitting ratio solution for (P-PS) with a given set of feasible {p n } is obtained as
Next, consider (P-PS) with a given set of feasible ρ k 's, i.e., max.
where h
, ∀k, n can be viewed as the equivalent channel power gains for the information and energy receivers, respectively. The problem in (18) is non-convex, due to the integer SC allocation Π(n). However, it has been shown that the duality gap of a similar problem to (18) without the harvested energy constrains converges to zero as the number of SCs, N , increases to infinity [8] , [9] . Thus, we solve Problem (18) by applying the Lagrange duality method assuming that it has a zero duality gap. 2 The Lagrangian of Problem (18) is given by
where λ k 's and μ are the non-negative dual variables associated with the corresponding constraints in (18). The dual function is then defined as
The dual problem is thus given by min {λ k },μ g ({λ k }, μ). Consider the maximization problem in (20) for obtaining g ({λ k }, μ) with a given set of {λ k } and μ. For each given SC n, the maximization problem in (20) can be decomposed as max.
pn,Π(n)
Note that for the Lagrangian in (19), we have
From (21), we have
Thus, for any given SC allocation Π(n), the optimal power allocation for Problem (21) is obtained as
Thus for each given n, the optimal SC allocation Π * (n) to maximize L n can be obtained, which is shown in (25) at the top of next page.
After obtaining g ({λ k }, μ) with given {λ k } and μ, the minimization of g ({λ k }, μ) over {λ k } and μ can be efficiently solved by the ellipsoid method [7] , for which the details are omitted for brevity.
Remark 3.1: The optimal solution for (P-UB) can be obtained by setting h
Hence, the above developed solution is also applicable for Problem (P-UB).
For (P-PS) with given {ρ k }, the optimal {p n } and {Π(n)} are obtained by (24) and (25), respectively. Define the corresponding optimal value of Problem (18) as R(ρ), where
T . Then R(ρ) can be increased by optimizing ρ k 's by (17). The above procedure can be iterated until R(ρ) cannot be further improved. Note that Problem (18) is guaranteed to be feasible at each iteration, provided that the initial ρ k 's are feasible, since at each iteration we simply decrease ρ k 's to make all the harvested energy constraints tight. Thus, with given initial {ρ k }, the iterative algorithm is guaranteed to converge to a local optimum of (P-PS) when all the harvested energy constraints in (18) are tight.
Note that the above local optimal solution depends on the choice of initial {ρ k }. To obtain a robust performance, we randomly generate a sufficiently large numbers of feasible {ρ k } as the initialization steps. For each initialization step, the iterative algorithm is applied to obtain a local optimal solution for (P-PS). The final solution is selected as the one that achieves the maximum weighted sum-rate from all the solutions.
To summarize, the above iterative algorithm to solve (P-PS) is given in Table I . 
, where δ > 0 controls the algorithm accuracy. III) Select the one that achieves the maximum weighted sum-rate from the 100 solutions.
IV. NUMERICAL EXAMPLE In this section, we provide simulation results under a practical system setup. It is assumed that w k = 1, ∀k, i.e., sum-rate maximization is considered. The transmit power is assumed to be 1W or 30dBm. The distance from the transmitter to all receivers is assumed to be identically equal to 1meter, which results in −30dB path-loss for all the channels at a carrier frequency 900MHz with path-loss exponent equal to 3. The channel bandwidth is assumed to be 10MHz, which is divided into N = 64 OFDM SCs. The six-tap exponentially distributed power profile is used to generate the frequency-selective fading channel, and the realized channels are then fixed for all the numerical results. For all the energy receivers, it is assumed that ζ = 0.2. The minimum harvested energy is assumed to be the same for all users, i.e., E k = E, ∀k. For all the information receivers, the noise power is assumed to be σ 2 = −60dBm. The MCS gap is assumed to be Γ = 9dB. Fig. 2 shows the achievable rates versus the minimum required harvested energy by different schemes with K = 4. In Fig. 2 , it is observed that when E > 0, the achievable rates by both TS and PS are less than the upper bound with P peak → ∞. For the TS scheme, the maximum rate is achieved when E is less than 150μW; when E is larger than 150μW, the achievable rate decreases as E increases. For the PS scheme, the achievable rate decreases as E increases, since for larger E more power needs to be split for EH at each receiver. Comparing the TS and PS schemes with P peak → ∞, it is observed that for sufficiently small E (0 ≤ E ≤ 80μW), the achievable rate by PS is larger than that by TS. This is because that when the required harvested power is sufficiently small, only a small portion of power needs to be split for energy harvesting, and the PS scheme may take the advantage of the frequency diversity by subcarrier allocation. For P peak → ∞ and sufficiently large E (80 < E ≤ 255μW), it is observed that the achievable rate by TS is larger than that by PS. Comparing the TS and PS schemes with P peak = 4P/N , it is observed that for sufficiently small or sufficiently large E, the achievable rate by PS is larger than that by TS. However, for 80 < E ≤ 208μW, in which case the system achieves large achievable rate (larger than 70% of UB) while each user harvests a reasonable value of power (about 32% to 84% of the maximum possible value), the TS scheme still outperforms the PS scheme. Fig. 3 shows the achievable rates versus the number of users by different schemes under fixed minimum required harvested energy E k = E = 150μW and P peak = 4P/N . In Fig. 3 , it is observed that for both TS and PS schemes, the achievable rate increases as the number of users increases. In particular, for the TS scheme, the achievable rate with K = 2 is much larger (about 32.8%) than that with K = 1. This is because that for the case K = 2, one of the user decodes information when the other user is harvesting energy; however, for the single user case K = 1, the transmission time when the user is harvesting energy is not utilized for information transmission. It is also observed in Fig. 3 that for a general multiuser system with K ≥ 2, the TS scheme outperforms the PS scheme. This is intuitively due to the fact that as the number of users increases, the portion of energy discarded at the information receiver at each user after power splitting also becomes larger.
V. CONCLUSION This paper has studied the resource allocation optimization for a multiuser OFDM-based downlink SWIPT system. Two transmission schemes are investigated, namely, the TDMAbased information transmission with TS applied at each receiver, and the OFDMA-based information transmission with PS applied at each receiver. In both cases, the weighted sumrate is maximized subject to a given set of harvested energy constraints as well as the peak and/or total transmission power constraint. For a general multiuser (K ≥ 2) OFDM-based SWIPT system with no peak power constraint, it is shown numerically that the TS scheme outperforms the PS scheme when the minimum required harvested energy is sufficiently large; with finite peak power constraint, however, the TS scheme outperforms the PS scheme when both the minimum harvested energy and the achievable rate are sufficiently large.
